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Introduction 
 
Rodents such as rats and mice have the arrays of vibrissae/whiskers on their snout, 
and used them for the sensitive apparatus exploring the outside world. The deflection 
or vibrations of individual whiskers is sensed by the mechanoreceptive nerve endings 
around their follicles, which send signals to the group of trigeminal relay nuclei in the 
brainstem through the trigeminal nerve. The afferent signals arisen from whiskers are 
conducted to the S1 barrel cortex via at least 3 distinct pathways termed lemniscal, 
extralemniscal and paralemniscal.  
One typical characteristic of barrel cortex is the topographical projection, 
especially in the L4. The arrangement of the whiskers on the snout is matched to the 
anatomical layout of the L4 substructure, and the signal from each whisker one-by-one 
reaches the corresponding column in L4. However the receptive preference (map) of 
L2/3 neurons remains to be elucidated.  
We used transgenic rats that express Channelrhodopsin-2 (ChR2) in the 
mechanoreceptive neurons of the trigeminal ganglion. Each whisker follicle was thus 
densely innervated by the nerve terminals expressing ChR2. We are focus to investigate 
how the somatosensory map is formed in layer 2/3 (L2/3) of barrel cortex using 
Optogenetics. 
 
Materials and Methods 
 
Animals 
 All experiments were carried out using heterozygous offsprings of one of the 
thy1.2 promotor-ChR2-Venus transgenic rat lines, W-TChR2V4 with the genetic 
background of Wistar rats. The data was collected from 20 rats of both male and female 
adults (7-12 weeks old, 180-240 g). 
After immobilizing the rat with isoflurane, α-chloralose was intraperitoneally 
injected to induce anesthesia. The anesthesia was maintained throughout the 
experiment. 
Under anesthesia the rat was put on the insulation board to maintain its body 
temperature and trimmed off all whiskers on the right side using an electric razor. Then 
the vibrissal fur is cleaned using depilatory cream so that the blue light for 
photostimulation should reach the trigeminal nerve endings around whisker follicles. 
After whisker trimming and fur removal, the positions of 30 whisker follicles termed 
as α, β, γ, δ, A1-4, B1-4, C1-5, D1-6 and E1-7 were marked. Among them, 16 places 
corresponding the whisker follicles address B1-4, C1-4, D1-4 and E1-4, were used to 
match 16 fiber-coupled LEDs(470 nm) regulated by the 16-channel LED Driver. The 
radiant flux was 2.8 mW at the distal end of each optical fiber. 
 
Optics 
 
The individual LEDs were regulated their on/off patterns independently by a 
home-made software. While setting the duration and amplitude at 50 ms and 500 mA, 
the driving pulses were applied following either one of 2 modes of photostimulation 
protocol. Mode 1: each LED was pulse-driven one-by-one in a random sequence with 
an interval of 3 s during one cycle, and this cycle was repeated 40 times. Mode 2: every 
combination of four from 16 LEDs was pulse-driven at once while the combination was 
made one-by-one in a random sequence with an interval of 3s. In total, 16C4 (=1820) 
combinations were made in a series of experiments. Therefore, total 16+1820=1837 
spatially different patterns of optogenetic stimulations were examined from one single 
recording site. 
 
Electrophysiology 
 
We made two recordings consecutively along a single electrode track, from an 
upper surface layer (USL, depth: 150~300μm) and a lower surface layer (LSL, 
550~800μm) of the barrel cortex. An electrical lesion mark was typically made after 
the recording by injecting current (total 4000 pA) into the recording electrode, to verify 
the depth of the recording. The site of lesion was subsequently identified by the serial 
sections (40 μm) of cortex after Nissl staining. 
 
Data analysis 
 
Multi-unit activities (MUAs) were off-line sorted by software to get the single-
unit activities (SUAs, spikes). Using the NeuroExplorer software and MATLAB, each 
spike timing was logged in relation to the start-stop and photostimulation timings and 
served for the further analyses. 
Neural response to an optogenetic stimulus was typically seen after 10-20 ms from 
the onset. Therefore, we defined the neural response to a stimulus as the activity 
obtained during 0 and +50 ms from the stimulus onset. We further defined the baseline 
activity of the neuron as the neural activity obtained between -50 and 0 ms. We 
computed the average baseline activity and subtracted it from each evoked neural 
activity. The subtraction was done for the mode-1 and mode-2 recordings separately. 
To obtain the spatial receptive field map, multiple regression analysis was conducted 
with the response 𝑅𝑡, evoked by the t-th stimulus 𝑆𝑖
𝑡 (t =1 to 1837). 𝑠𝑖
𝑡 was expressed 
as a stimulus pattern vector whose i-th element indicates the presence or absence of an 
optogenetic stimulation at the i-th whisker (i = 1 to 16). Presence of a stimulus was 
valued as 1, otherwise 0, in the corresponding element. For instance, if stimuli were 
presented at w-ads B1 (i =1), C2 (i =6), D2 (i =10) and E3 (i =15), the corresponding 
stimulus pattern vector will be [1 0 0 0 0 1 0 0 0 1 0 0 0 0 1 0]. These experimental data 
{𝑠𝑖
𝑡, 𝑅𝑡} were then fitted to a quadratic polynomial function: 
R=∑ (𝑎𝑖𝑠𝑖)
16
𝑖 + ∑ (𝑏𝑗𝑘𝑠𝑗𝑠𝑘)
16
𝑗≠𝑘 .(eq.1) 
The first regression coefficient, ai (i = 1, 2, …, 16) and the second regression 
coefficient, bjk (j=1, 2, …, 16; k = 1, 2, …, 16) was each uniquely determined using a 
least-squares fitting algorithm. 
The least squared error solution  ?̂?𝑖  indicates how much the activity is gained 
when the i-th whisker is stimulated. Similarly, ?̂?𝑖,𝑗 =  ?̂?𝑖 +   ?̂?𝑗 +   ?̂?𝑖𝑗 is the expected 
response when i-th and j-th whiskers were stimulated simultaneously. Note that ?̂?𝑖𝑗 
indicates how much the multiple whisker stimulation response is deviated from the 
simple sum of the two single whisker stimulation responses (?̂?𝑖 +  ?̂?𝑗 ). The set of 
parameter ?̂?𝑖 (i =1 to 16) was arranged in a 4×4 matrix to obtain the spatial receptive 
field map. 
Interaction coefficient map 𝑐𝑗𝑘 quantifies how the multiple whisker stimulation 
response, ?̂?𝑗𝑘 is different from the single whisker stimulation responses, ?̂?𝑗 =  ?̂?𝑗   and 
?̂?𝑘 =  ?̂?𝑘. 𝑐𝑗𝑘 is defined in three cases separately depending on ?̂?𝑗𝑘 value relative to 
(?̂?𝑗 + ?̂?𝑘) and  max(?̂?𝑗 , ?̂?𝑘): 
𝑐𝑗𝑘 = ?̂?𝑗𝑘 − max(?̂?𝑗 + ?̂?𝑘),     𝑤ℎ𝑒𝑛 ?̂?𝑗𝑘 < 𝑚𝑎𝑥(?̂?𝑗 + ?̂?𝑘) [Case 1]  (eq.2) 
= ?̂?𝑗𝑘 − (?̂?𝑗 + ?̂?𝑘),                      𝑤ℎ𝑒𝑛 ?̂?𝑗𝑘 > (?̂?𝑗 + ?̂?𝑘) [Case 2]  (eq.3) 
= 0,                                                                                   𝑒𝑙𝑠𝑒. [Case 3]  (eq.4) 
Case 1 indicates a response suppression in which the best single response was 
reduced by adding the second stimulus. Case 2 indicates a synergistic response 
enhancement by two inputs. Case3 would indicate a ceiling effect in which the multiple 
whisker response was slightly over the single best response because the single best 
response was already closed to the maximum attainable response of the neuron. 𝑐𝑗𝑘 
was then sorted in a (4×4)2 interaction coefficient map. 
In this representation, the box filled in green corresponds to the reference whisker 
position, while other boxes were indicated by the color-rating scale according to the 
interaction coefficient value relative to the absolute maximum (red: positive, blue: 
negative) between the reference whisker and the corresponding whisker. For example, 
the green box at D1 and a blue box at the C1 whisker position suggest a suppressive 
interaction between two whiskers. Similarly, a red box indicates that the evoked activity 
by simultaneously stimulating both whiskers was greater than that expected from the 
sum of the two activities evoked by singly stimulating the two whiskers separately. That 
is, for a given whisker input J, a 4×4 map of 𝑐𝐽𝑘 (k =1~16) was obtained. A compiled 
4×4 map the interaction coefficients was thus made for the multiple whisker inputs of 
interest (J1, J2, …) by averaging the value in each cell of the 4×4 map of 𝑐𝐽𝑘. 
The autocorrelogram of a spatial receptive field was fit to an ellipse (bivariate 
Gaussian function): 
A(X,Y)=
𝑐
2𝜋|Σ|
exp(-
1
2
[(X-X0,Y-Y0) 𝛴
 -1
(X-X0,Y-Y0)T]), (eq.5) 
where X0, Y0 are the center of the ellipse, and 𝛴  is a positive-semidefinite 
symmetric matrix: 
𝛴 = (
𝜎𝑋
2 𝜎𝑥𝑦
𝜎𝑥𝑦 𝜎𝑌
2 ). (eq.6) 
In this fitting analysis, c, X0, Y0 and Σ were free parameters to be determined by 
minimizing the sum of squared errors between the Gaussian function and the 
autocorrelogram. 
We then performed spectral decomposition of the obtained parameter matrix: 
?̂? = 𝑅 ∗ ?̂?′ ∗ 𝑅𝑇=rotation(θ)∗ (
𝜎𝑋′
2 0
0 𝜎𝑌′
2 ) ∗ 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛(−𝜃), (𝜎𝑋′
2 ≥ 𝜎𝑌′
2 ) (eq.7) 
where, rotation(θ) is a rotation matrix which transforms the Cartesian 
coordinate(X,Y) into a new Cartesian coordinate (X’ Y’), rotated by angle θ. After this 
rotation, the fit ellipse can be expressed in a simpler form: 
?̂?(?̂?, ?̂?) =
𝑐̂
2𝜋|?̂? |
exp (−
1
2
[(
𝑥′−𝑥0′
𝜎𝑥′
)2 + (
𝑦′−𝑦0′
𝜎𝑦′
)2]). (eq.8) 
Eq. (8) indicates that the major axis of the new ellipse is now horizontal. Thus, the 
angle θ required for this rotation is equivalent to the tilt angle of the original ellipse 
before rotation. θ takes a positive value for counter-clock wise rotation in this analysis. 
Similarly, the ratio 𝜎𝑥′ :  𝜎𝑦′  is the aspect ratio of the ellipse fit to the original 
autocorrelation function. 
All data in the text and figures are expressed as the mean ±SEM and evaluated 
using the Mann-Whitney U-test for the unpaired data, the Wilcoxon signed rank test for 
the paired data and the one-way Kruskal-Wallis test by ranks for the multi-group data 
to determine statistical significance, unless stated otherwise. It was judged as 
statistically insignificant when P > 0.05. 
 
Results and Discussion 
 
Neural responses to the whisker photostimulation 
 
In our mode-1 experiments, large LFPs were often evoked by multiple whisker 
photostimulations with short tp:LFP (time to peak). These fast and large LFPs were 
accompanied with the earliest MUAs and SUAs before the tp:LFP. Therefore, these 
LFPs should be evoked directly by the synchronous inputs from subcortical structures 
such as thalamus. 
 
Receptive fields mapping 
The mode-1 data was combined with mode-2 data and was regressed to a quadratic 
polynomial function (eq. 1). Our figure shows the first regression coefficients (ai) from 
the LFP data in a 4×4 heat map, which represents the spatial receptive field of LFP. 
Here we defined the major receptive field inputs (MRF inputs) as those evoke over 50% 
response of the maximum; the D1, D2 and D3 inputs in the case of one sample. The 
first regression coefficients (ai) were similarly mapped for MUA at USL, IER at USL, 
LFP at LSL, MUA at LSL and IER at LSL of the same series of recordings. The 
receptive field frequently formed a zone consist of horizontal array of whisker points. 
The negativity of ai was negligible in every receptive field map. In contrast to V1, which 
have both ON and OFF receptive fields, only the ON receptive fields should be present 
in the surface layer of rat barrel cortex. 
We also characterized the global features of the receptive field by curve-fitting. 
The autocorrelograms of receptive fields were first computed using the first regression 
coefficients from LFP, MUA and IER data, and ellipses (bivariate Gaussian function) 
were fitted to the autocorrelogram. 
 
Interaction among afferent inputs 
 
The sample figure shows the (4×4)2 map of interaction coefficients (cjk) from the 
LFP (USL) data. The receptive field containing D1-3(MRF) was surrounded by the 
negatively interacting field. The MRF showed a tendency to interact negatively with 
the peri-MRF inputs. One interesting feature of the interaction between afferent inputs 
revealed in this study was the non-linearity in response summation. In this study, we 
showed clear suppressions of the major response by additional stimulation at whiskers 
which were ineffective when presented alone. 
 
Conclusion 
 
We found that the individual L2/3 neurons frequently receive projections as a zone 
consisted of an array of excitatory inputs from multiple whiskers in a horizontal 
direction to the rat. Although the interaction among inputs in a zone was negligible, 
negative interactions with the surrounding inputs suggest that the afferent inputs were 
integrated in the cortical and subcortical networks to enhance the contrast of a zone to 
the surrounds. 
The zonal projection to the L2/3 may be involved in the early detection of the 
objects for a rat. The horizontal orientation of a zone should be advantageous for 
animals to detect the height of object before them. The simultaneous stimulation of 
many whiskers may be clearly discriminated from the background senses as a kind of 
alarm signals in the brain. These kinds of idea suggest the new research direction for 
the further research in the future. 
